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▼In situ hybridization histochemistry (ISHH) is a widely
used technique for studying mRNA expression in tissue sec-
tions. It allows both visualization of mRNAs at the cellular
level, and quantitative analysis of changes in mRNA levels
under experimental conditions (Ref. 1, 2, 3). Because ISHH
is used for detection of mRNA molecules that are usually
present in low copy numbers and prone to degradation by
ribonucleases, many laboratories have experienced prob-
lems in setting up ISHH (Ref. 3, 4, 5). We describe here an
mRNA in situ hybridization protocol that is simple, sensi-
tive, reliable and allows multiple sequential hybridizations
with probes directed against different mRNAs to be per-
formed on the same tissue sections. Therefore, it is useful
both as a starting point for those setting up ISHH, and as an
efficient and rapid screening method for detecting fluctua-
tions in gene expression activity with a number of probes,
for example in characterizing cDNA clones obtained with
subtraction hybridization methods. We have discarded all
the unnecessary steps from the method, and optimized the
sensitivity to allow detection of low-copy-number mRNAs
with oligonucleotide probes that are easy to prepare and la-
bel. In addition, we demonstrate that after the radioactive
signal from the first hybridization is decayed, the tissue
sections may be re-hybridized with probes directed against
other mRNA molecules without significant loss of sensitiv-
ity. Because fewer laboratory animals are needed and less
laboratory work is involved, the costs of each experiment
are reduced.
For comparison of hybridization efficiency between fresh
and old sections, we hybridized consecutive adrenal gland
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sections with probes directed to genes known to be ex-
pressed either in the adrenal medulla or adrenal cortex.
Nicotine treatment was used to induce alterations in gene
expression. We chose the serotonin transporter [5-HT-T,
nucleotides 841−888 (Ref. 6)], phenylethanolamine N-
methyltransferase [PNMT, nucleotides 595−642 (Ref. 7)]
and transcription factor junB [nucleotides 873−920 (Ref.
8)] as our test genes, since 5-HT-T and PNMT are expressed
mainly in the medulla, and junB is induced in the adrenal
cortex by nicotine stimulation. The distinct expression pat-
tern of these genes provided an internal control for testing
the method.
Adult male rats (Sprague−Dawley) (n = 24) were injected
intraperitoneally with 2 mg/kg nicotine (Sigma), and the
rats were decapitated 10, 20, 30 min, 1 and 2 h after the
treatment. Control animals received an intraperitoneal in-
jection of physiological saline. Tissues were excised, all 24
adrenal glands were mounted together, frozen on dry ice,
sectioned in a cryostat, thawed onto Probe-on slides (Fisher
Scientific) and stored at −20◦C until used. The slides were
hybridized as described in the Protocol. As a control, a com-
petitive hybridization with excess of unlabeled probe was
performed, which abolished all hybridization signals. The
specificity of the junB oligoprobe has been demonstrated
previously (Ref. 7).
After the first hybridization and autoradiography with
35S-labeled 5-HT-T probe, the sections were stored at room
temperature for 2 years. This is approximately eight times
the half-life of 35S, and when sections were exposed to
X-ray film for 2 weeks, no traces of the isotope were
left in the sections. Before the second hybridization, sec-
tions were briefly rehydrated, and subsequently hybridized
with the 33P-labeled junB oliconucleotide probe, washed
and autoradiographed using exactly the same protocol as
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described above. The third hybridization with 33P-labeled
PNMT probe was performed 4 months after the second hy-
bridization.
In control animals, very low levels of junB mRNA were
observed, which is characteristic of most unstimulated
immediate−early genes. Induction of junB mRNA expres-
sion in the adrenal cortex was clearly visible 10 minutes
after nicotine injection. The time course of junB induction
was rapid and transient, which is similar to that described
with other experimental settings (Ref. 7, 9). The amount of
mRNA reached its maximum 1 h after treatment, decreased
rapidly, and was undetectable in three out of four animals 2
h after injection (Fig. 1a). The hybridization signal was iden-
tical in both fresh sections (Fig. 1a) and in sections stored for
2 years at −20◦C before hybridization (Fig. 1b). Hybridiza-
tion of adrenal sections with the serotonin transporter (5-
HT-T) oligoprobe demonstrated a clear hybridization signal
in the adrenalmedulla. Therewas no rapid changes in 5-HT-
T expression after nicotine treatment but a small decrease
in 5-HT-TmRNA levels was observed 2 h after injection (Fig.
1c). The same section used to demonstrate 5-HT-T mRNA
in the adrenal medulla was hybridized 2 years later with the
junB probe (Fig. 1d). The hybridization pattern was iden-
tical to that observed with fresh (Fig. 1a) and 2-year-old
sections (Fig. 1b) that had not been previously hybridized.
The third hybridization of the same section with the PNMT
oligoprobe visualized typical expression of the PNMT gene
in the adrenal medulla (Fig. 1e).
The results presented here demonstrate thatmRNA is sur-
prisingly well preserved in air-dried frozen tissue sections
even after storage for 2 years at room temperature. This
means that tissue sections prepared for ISHH can be stored
at room temperature, which saves refridgerator space and
lowers laboratory costs. The hybridization procedure itself
does not considerably diminish the amount and quality
of mRNA retained in the sections, since the hybridization
signal was equal in both freshly hybridized sections and
those rehybridized after 2 years storage. These results show
that it is convenient and beneficial to store hybridized tis-
sue sections for future purposes, which reduces the need
to duplicate animal treatments to obtain enough tissue for
experiments. This protocol could also be used for mRNA
expression studies with human tissues, which are laborious
to obtain and often irreplacable. We have also successfully
performed multiple subsequent hybridizations on archival
formalin fixed, paraffin-embedded human tissue sections,
and reprobed sections that have been dipped in photo-
graphic emulsion to visualizemRNA expression at the cellu-
lar level. In addition to conserving valuable tissue samples,
this technique makes it possible to use standard control
probes such as GAPDH or β-actin to test the hybridization
FIGURE 1. Digitized autoradiograph images of adrenal glands
hybridized either with junB, PNMT or serotonin transporter (5-HT-T)
oligoprobes after a single nicotine injection. Each row in all panels
contains cross-sections of four adrenal glands from different time points
after nicotine treatment. (a) JunB mRNA is rapidly and transiently
induced in the adrenal cortex after nicotine treatment. The maximum
mRNA levels are observed 1 h after injection, and are undetectable in
three out of four animals 2 h after injection. (b) An adjacent section
from the same tissue block as in (a) was stored at −20◦C for 2 years
and hybridized with the junB probe. The hybridization signal is identical
to that shown in (a), demonstrating that mRNA is well retained in the
sections after a long storage period. (c) Section hybridized with the
serotonin transporter probe. A clear hybridization signal is present in
the adrenal medulla. There are no rapid changes in 5-HT-T mRNA levels
after nicotine treatment, but 2 h after the injection a small decrease in
the mRNA levels can be observed. (d) The same section as in (c) was
hybridized with the junB probe after the radioisotope retained in the
section after the first hybridization had completely decayed. The
hybridization pattern is identical to that shown in (a) and (b),
demonstrating that sections can be re-hybridized without any loss of
signal. (e) The third hybridization of the same section as in (c) and (d)
with the PNMT oligoprobe visualizes typical expression pattern of the
PNMT gene in the adrenal medulla. Bar = 2.5 mm. Co, control.
properties of each section. When performing quantitative
analyses of mRNA expression, such control hybridizations
can be used to identify and discard unqualified sections.
With this technique, these control hybridizations can be
made either before or after the initial experiments with test
probes, which increases the flexibility of quantitative ISHH
protocols. Since the second hybridization cannot be per-
formed until the radioisotope retained in the sections after
first hybridization is completely decayed, 33P is superior to
35S because of to its shorter half-life. When studying mR-
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NAs expressed at high levels, such as PNMT in the adrenal
medulla, we have observed remnants of 35S even 2 years
after the hybridization. Therefore we recommend that if
multiple hybridizations are to be performed, the probe with
presumably lowest targetmRNA levels should be hybridized
first.
Protocol
1. Label synthetic oligonucleotides (length 30−50 nu-
cleotides, 50−60% GC content) with [35S]dATP or
[33P]dATP to a specific activity of at least 1 × 109
counts/min/µg using terminal deoxynucleotidyl trans-
ferase (TDT) [we have used a combination of TdT
(Stratagene), TDT-buffer (Stratagene or IBI laboratories)
and radio-isotopes (DuPont-NEN)]. Use 0.5−4 ng of
the probe per slide. In our experience, purification of
33P-labeled probes from may not be necessary. If back-
ground is high, use NucTrap (Stratagene) or Nensorb
(Dupont) columns for purification.
2. Before hybridization, air-dry frozen sections at room
temperature. Paraffin-embedded tissue sections require
careful dewaxing with at least three 10 min incuba-
tions in xylene before rehydration in graded series of
ethanol. No further fixation, pretreatment or prehy-
bridization is required.
3. Hybridize for 48 h at 42◦C in a humidified chamber
in 75 µl of hybridization mixture [50% formamide,
4X SSC, 10% dextran sulphate, 500 µg/ml ssDNA (op-
tional) and the labeled probe in volume <20 µl].
4. Frozen sections may simply be washed for 4X 15 min
at 55◦C in 1X SSC, and then for approximately 1 h at
the room temperature in 1X SSC. Formalin-fixed and
paraffin-embedded sections require a more stringent
washing protocol: wash sections for 2X 10 min at 55◦C
in 1X SSC, 1X 10 min at 37◦C in 0.1X SSC and for
10 min in 50% formamide, 2X SSC at room tempera-
ture.
5. Rinse sections in distilled water, dehydrate with 60%
and 95% ethanol and air-dry.
6. Cover the sections with Hyperfilm β-max X-ray
film (Amersham), phosphorimager plates (use tritium
screens for the best sensitivity) or dip sections into au-
toradiograph emulsion (Kodak; NTB2 or NTB3).
7. After hybridization and autoradiography, the sections
can be stored for years at the room temperature. Before
the next hybridization, expose sections to phospho-
rimager screens for 2 days to ensure that isotope from
the previous hybridization has completely decayed.
If prepared from pure reagents, the solutions do not need
to be autoclaved. When preparing slides for emulsion au-
toradiography which usually requires long exposure times,
it is useful to assure that annoying artifacts are not present
in tissue sections by exposing them to phosphorimager
plates for 1 day before dipping them into the emulsion.
For the best sensitivity for mRNA in situ hybridizations
at the tissue level, use 33P isotope, increase the amount
of probe up to 4 ng per slide, increase the hybridization
time at least up to 48 h, and expose the sections to phos-
phorimager tritium screens. It is important to use probes
with high specific activity. For this purpose, we have ex-
tended the probe labeling to 4 h, and added new enzyme
to the labeling mixture during the incubation. We have ob-
served that it is important to find the appropriate combina-
tion of the enzyme, buffer and isotope for optimal results.
There may be tenfold differences in the labeling efficiency
using similar concentrations of reagents from different
manufacturers.
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Products Used
rats: rats from Harlan
Probe-on slides: Probe-on slides from Fisher Scien-
tific UK Ltd
TdT: TdT from Stratagene
TdT: TdT from Stratagene
Hyperfilm β-max X-ray film: Hyperfilm β-max
X-ray film from Amersham Pharmacia Biotech
autoradiograph emulsion: autoradiograph
emulsion from Kodak
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